Protection of the blood-brain barrier (BBB) is correlated with improved outcome in stroke. Sphingosine kinase (SphK)-directed production of sphingosine-1-phosphate, which we previously documented as being vital to preconditioning-induced stroke protection, mediates peripheral vascular integrity via junctional protein regulation. We used a hypoxic preconditioning (HPC) model in adult wild-type and SphK2-null mice to examine the isoform-specific role of SphK2 signaling for ischemic tolerance to transient middle cerebral artery occlusion and attendant BBB protection. Reductions in infarct volume and BBB permeability in HPC-treated mice were completely lost in SphK2-null mice. Hypoxic preconditioning-induced attenuation of postischemic BBB disruption in wild types, evidenced by reduced extravascular immunoglobulin G intensity, suggests direct protection of BBB integrity. Measurement of BBB junctional protein status in response to HPC revealed SphK2-dependent increases in triton-insoluble claudin-5 and VE-cadherin, which may serve to strengthen the BBB before stroke. Postischemic loss of VE-cadherin, occludin, and zona occludens-1 in SphK2-null mice with prior HPC suggests that SphK2-dependent protection of these adherens and tight junction proteins is compulsory for HPC to establish a vasculoprotective phenotype. Further elucidation of the mediators of this endogenous, HPC-activated lipid signaling pathway, and their role in protecting the ischemic BBB, may provide new therapeutic targets for cerebrovascular protection in stroke patients.
Introduction
Blood-brain barrier (BBB) dysfunction and resultant vasogenic edema is a feature of many neurologic disorders, including during Alzheimer's, Parkinson's, multiple sclerosis, bacterial meningitis, and stroke (Weiss et al, 2009) . In ischemic stroke, BBB protection is predictive of improved outcome (Latour et al, 2004) , but it remains unclear whether preservation of BBB integrity by a given neuroprotective treatment is a cause or consequence of reduced ischemic injury (Obrenovitch, 2008) . Moreover, breakdown of the BBB and associated hemorrhagic transformation define the outer therapeutic window for tissue plasminogen activator (tPA) treatment (Aviv et al, 2009 ). Yet, the molecular basis of BBB dysfunction and protection in stroke still requires considerable elucidation.
Sphingosine-1-phosphate (S1P), a bioactive lipid, exhibits vasculoprotective effects in models of peripheral tissue injury, reducing ischemic damage in the heart (Karliner, 2004) and other tissues (Park et al, 2010) . Sphingosine-1-phosphate regulates vascular integrity through several mechanisms, including the modulation of junctional protein expression and localization (Adamson et al, 2010; Lee et al, 2006; Wang and Dudek, 2009) . Only recently has this sphingolipid pathway been considered as a potential stroke therapeutic (Czech et al, 2009; Hasegawa et al, 2010; Wacker et al, 2009; Wei et al, 2011) . Our earlier results implicate S1P as a proximal transducer of the stress response to hypoxic preconditioning (HPC), ultimately resulting in a protective phenotype against transient focal stroke known as ischemic tolerance (Wacker et al, 2009 ). Sphingosine-1-phosphate is produced by two sphingosine kinase (SphK) isoforms, SphK1 and SphK2, which often exhibit differing effects. Because only SphK2 protein levels and activity increased in cortical microvessels following HPC, and nonspecific SphK inhibition abrogated HPCs neuroprotective effects (Wacker et al, 2009) , an isoformspecific contribution of SphK2 to ischemic tolerance was proposed.
In this study, we used HPC and SphK2-null mice to evaluate if SphK2 establishes ischemic tolerance via promotion of BBB integrity and regulation of cerebroendothelial junctional proteins. Our findings indicate that SphK2 activity is critical to the BBB protection afforded by HPC, secondary to its preischemic and postischemic regulation of the adherens junction protein VE-cadherin, and the tight junction proteins claudin-5, occludin, and zona occludens-1 (ZO-1).
Materials and methods

Mice
Adult, male, C57BL/6 and SphK2 knockout mice were used in these studies. All experimental protocols were approved by the Institutional Animal Care and Use Committee at Washington University and conformed to the National Institutes of Health guidelines for the care and use of animals in research. Homozygous SphK2 knockout mice, congenically backcrossed to C57BL/6 mice for at least seven generations, were generously provided by Dr Richard Proia (NIH). Previous characterization of the SphK2 knockout mice revealed no obvious histological differences, and no compensatory change in SphK1 expression (including after ischemia) (Mizugishi et al, 2005; Pfeilschifter et al, 2011) . Animals were housed on a 12-hour light/dark cycle with water and food ad libitum. Efforts were made to reduce the number of mice used and to minimize stress to the animals. All experimental procedures were approved by the Washington University Animal Studies Committee, and surgical procedures were performed using sterile/aseptic techniques in accordance with the institutional guidelines. Experimental conditions were intermixed to prevent batch effects from affecting a single experimental condition; all analyses were blinded.
Hypoxic Preconditioning
Mice were subjected to HPC (4 hours of normobaric 8% oxygen) in modified home cages by flowing hypoxic air through the cage (1.5 L/min). Oxygen content of the outflow air was confirmed through monitoring with an oxygen analyzer (Vascular Technology, Nashua, NH, USA). Food and water were provided ad libitum. Control mice had no exposure to hypoxia.
Transient Focal Cerebral Ischemia
Mice underwent transient middle cerebral artery occlusion (tMCAO) 48 hours following HPC, when applicable. Mice were anesthetized by initial exposure to 5% halothane/ 70% NO 2 /30% O 2 , with continued 2% halothane to maintain anesthesia for the remainder of the procedure. The left MCA was exposed by incision of the temporal muscle and a baseline blood flow was obtained by laser Doppler flowmetry (TSI, Shoreview, MN, USA). The left common carotid artery was exposed via a ventral midline incision on the neck, and a silicon-coated, 6.0-gauge, nylon suture, 12 mm in length, was advanced 9.0 to 10.5 mm to transiently block the origin of the MCA. Body temperature was maintained throughout the surgical procedure by a heating pad, and animals were placed in a 341C incubator during ischemia. After 45 minutes of ischemia, animals were reanesthetized, and the suture was withdrawn to reestablish perfusion. Mice were allowed to recover from anesthesia for 30 minutes in the 341C incubator. Blood flow through the MCA was measured by laser Doppler flowmetry at the onset and end of ischemia to confirm blockage of the blood flow throughout the ischemic period, and then immediately following and 24 hours after suture withdrawal to confirm reperfusion from the end of ischemia until kill. Mice retaining > 15% of baseline perfusion during ischemia and mice that did not reach at least 50% of baseline by 5 minutes postreperfusion or 70% after 24 hours were excluded. In addition, animals showing evidence of intracerebral bleeding or subarachnoid hemorrhage on brain extraction were excluded from the study. The numbers of excluded mice and reasons for exclusion, including mortality, are presented in Supplementary Animals were killed 24 hours following tMCAO by cervical dislocation. The brains were sectioned on a 1-mm thick brain matrix and exposed to a solution of 2,3,5-triphenyl tetrazolium chloride (1% in phosphate-buffered saline (PBS)) to delineate infarct regions. Infarct volume was manually measured in Sigma Scan Pro 4 (Systat Software Inc, San Jose, CA, USA) and total infarct volume was corrected for edema. Ipsilateral swelling was used as an index of cerebral edema, quantified as the increase in ipsilateral hemispheric volume relative to the contralateral hemisphere.
Blood-Brain Barrier Integrity Assessments
At 24 hours post-tMCAO, following halothane overdose, mice were transcardially perfused (20 mL 0.01 M PBS, 40 mL 4% paraformaldehyde/0.01 M PBS). After extraction, the brains were cryoprotected in 30% sucrose, and sliced coronally into 10-mm sections. Postischemic permeability to endogenous, extravasated immunoglobulin G (IgG) was detected using a modified immunohistochemistry protocol with anti-mouse IgG IRDye antibody (LI-COR, Lincoln, NE, USA). In brief, slides were brought to room temperature, rinsed 3 Â with deionized water, and hydrated in PBS (0.01 M, pH 7.4) for 5 minutes. Sections (delimited with a PAP hydrophobic barrier pen; Dako, Carpinteria, CA, USA) were coated with LI-COR IRDye 800 anti-mouse secondary antibody (1:200) in 200 mL blocking solution (10% normal goat serum, 0.1% Triton X in PBS) for 2 hours. Following a 10-minute PBS-T (0.1% Tween-20 in PBS) wash, slides were rinsed in deionized water and air dried. Immunoglobulin G intensity was imaged and quantified on an Odyssey Infrared Imaging System (LI-COR). For each mouse, four sections from the rostral (B1 mm rostral from bregma) and caudal (B2 mm caudal from bregma) regions of the infarct were quantified for IgG permeability with respect to both crosssectional area of extravasated IgG, and IgG intensity. Intensity and area were measured within the Odyssey Infrared Imaging System software (v3.0, LI-COR).
Immunoblotting
Mice were killed by cervical dislocation 48 hours following HPC or 24 hours after reperfusion from tMCAO. Tritoninsoluble fractions were prepared from the entire cortex of the ischemic hemisphere (or from either cortex of HPCtreated or naive animals) to isolate junctional proteins associated with the cytoskeleton (McNeill et al, 1993; Stuart et al, 1996; Wang et al, 2011; Wong, 1997) . In brief, tissue was homogenized in 600 mL of cytoskeleton-stabilizing buffer (10 mM HEPES, pH 7.4, 250 mM sucrose, 150 mM KCl, 1 mM EGTA, 3 mM MgCl 2 , protease inhibitor cocktail (Sigma, St Louis, MO, USA), 1 mM Na 3 VO 4 , 1% Triton X-100) and incubated on ice for 20 minutes to lyse the cells. After centrifugation (15 minutes, 15,000 g, 41C), the pellet was resuspended in 400 mL Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) with 1 M urea. The solution was sonicated for 10 pulses, 20 mL mercaptoethanol was added, and then the solution was incubated 10 minutes at 951C, allowed to cool to room temperature, and centrifuged (10 minutes, 15,000 g). The supernatant (tritoninsoluble fraction) was immunoblotted using primary antibodies for occludin (mouse monoclonal, 1 mg/mL; Invitrogen, Carlsbad, CA, USA), VE-cadherin (rabbit polyclonal, 2.5 mg/mL; Abcam, Cambridge, MA, USA), ZO-1 (rabbit polyclonal, 2.5 mg/mL; Abcam), and claudin-5 (rabbit polyclonal, 0.4 mg/mL; Santa Cruz Biotechnology, Santa Cruz, CA, USA) with the corresponding secondary antibodies from LI-COR for use with the Odyssey Infrared Imaging System. Optical density of the protein bands (occludin = 60 kDa; VE-cadherin = 130 kDa; ZO-1 = 220 kDa; claudin-5 = 22 kDa) were quantified within the Odyssey imaging software and was normalized to total protein content (b-actin). Protein expression in each experimental condition was then normalized to the control condition to determine relative protein expression changes in response to HPC, ischemia, and/or SphK2 gene deletion.
Statistical Analyses
Comparisons were done with SigmaStat using two-way ANOVA (analysis of variance) for Figures 1, 2, and 3A-3D, ANOVA on Ranks for Figure 1B , and one-way ANOVA for Figures 4A-4D. Statistical comparisons between groups were done with the Holm-Sidak method for multiple pairwise comparisons with P < 0.05 accepted as significant.
Results
Hypoxic Preconditioning Does Not Protect Sphingosine Kinase 2-Null Mice
Our previous studies demonstrated that ischemic tolerance to tMCAO was not established when SphK activity was pharmacologically inhibited during HPC (Wacker et al, 2009) . Since cortical microvascular SphK2 activity increased following HPC, while SphK1 was unchanged, SphK2 signaling was presumed to be necessary to transduce the gene expression changes underlying the ischemia-tolerant phenotype. To test this, we assessed the efficacy of HPC to induce tolerance in SphK2-null and matched wild-type mice. While HPC reduced infarct volume 38% in wild types, the protective effect of HPC was completely blocked in the SphK2 knockouts ( Figure 1A) . To allay the concern that baseline infarcts in SphK2-nulls were too severe for HPC to provide any significant degree of ischemic tolerance, we repeated these studies using a shorter-duration ischemic insult (35 minutes). However, even with a less severe ischemic insult, HPC remained ineffective at inducing any protection in the SphK2-null mice. Attendant neurologic deficits and postischemic hemispheric swelling were also not improved by HPC in SphK2 knockouts ( Figures 1B and 1C) . These findings indicate SphK2-mediated elaboration of S1P is critical to the tissue-wide establishment of tolerance to transient focal stroke by HPC.
Protection Against Blood-Brain Barrier Disruption Requires Sphingosine Kinase 2
The SphK2 product S1P decreases vascular permeability in many cell and tissue types, and reducing BBB compromise after stroke may improve outcome (Latour et al, 2004; Obrenovitch, 2008; Weiss et al, 2009 ). To test if SphK2 signaling preserves postischemic BBB integrity in HPC-treated animals, we measured both the intensity and crosssectional area of extravasated IgG (transcardial perfusion eliminated vascular IgG) as indices of BBB breakdown 24 hours after tMCAO in WT and SphK2-nulls, with and without HPC. In nonpreconditioned wild types, Figure 1 Hypoxic preconditioning (HPC) 48 hours before ischemia promoted tolerance in C57BL/6 wild-type mice to transient middle cerebral artery occlusion (tMCAO) (45 minutes), but did not protect SphK2 -/-mice with respect to infarct volume (A), neurologic deficits (B), or ipsilateral hemispheric swelling (C). With a shorter tMCAO (35 minutes), HPC was still unable to induce tolerance in SphK2-nulls (A). Data represent mean±s.e.m. N = 5 to 6 per group for 35 minutes tMCAO and N = 6 to 9 per group for 45 minutes tMCAO. P < 0.05 versus (*) C57BL/6; ( # ) C57BL/6 + HPC. SphK, sphingosine kinase. ipsilateral disruption of the BBB was clearly evident ( Figure 2A) ; however, HPC reduced the intensity of ipsilateral IgG leak by 51% (P < 0.05; Figure 2B ). In contrast, SphK2-null mice treated with HPC exhibited slightly greater IgG intensity ipsilaterally compared with untreated wild-type or SphK2-null mice, reflecting a complete loss (P < 0.05) of HPCinduced BBB protection in the absence of SphK2 signaling. This is consistent with the results seen using water content as a marker of BBB disruption and dimethylsphingosine to inhibit SphK (Supplementary Figure S1 ). Interestingly, a significant increase in the intensity of IgG extravasation was also observed contralaterally following HPC in SphK2-null mice relative to wild types ( Figure 2B ). The crosssectional area of IgG leak in the ipsilateral hemisphere was reduced by 20% in HPC-treated wild types (P < 0.05; Figure 2C ), but, as with IgG intensity, reductions in this permeability metric were significantly (P < 0.05) abrogated in SphK2-null mice. Collectively, these results indicate that SphK2 signaling is critical for the endogenous, HPC-mediated protection of the BBB in focal stroke with reperfusion.
Further examination of BBB permeability in relation to infarct volume was revealing in several ways. First, in nonpreconditioned wild types, the mean area of IgG extravasation was 45% greater than the mean infarct area from rostrally and caudally matched brain regions. This correlative finding is consistent with the notion that BBB leak is not solely the secondary result of brain infarction. Second, HPC had a more profound effect on infarct area than area of increased BBB permeability in wild types; specifically, infarct area decreased 37%, whereas the area of IgG extravasation only decreased 20% with HPC. This resulted in an even greater difference between -/-mice and matched C57BL/6 wild types. Optical density quantification of claudin-5 (A), occludin (B), zona occludens (ZO)-1 (C), and VE-cadherin (D) immunoblots are shown, normalized to b-actin and then naives (C57BL/6 without HPC or tMCAO). N = 6 per group. P < 0.05 versus (*) C57BL/6; ( # ) C57BL/6 + HPC; ( w ) C57BL/6 + HPC + tMCAO; (**) all other conditions. SphK, sphingosine kinase.
the areas of infarct and IgG leakage in HPC-treated relative to untreated mice, a finding in line with the contention that BBB protection by HPC is not simply secondary to a smaller infarct. Immunoglobulin G intensity, however, correlates highly (r = 0.851; P = 0.007) with infarction. Together, these findings suggest that preservation of BBB integrity by HPC may play a role in the resultant reduction in infarction, and represents a primary vasculoprotective phenotype of the ischemia-tolerant brain.
Sphingosine Kinase 2 Signaling Regulates Triton-Insoluble Junctional Protein Expression Following Hypoxic Preconditioning
Studies in the peripheral vasculature indicate a role for S1P in altering the expression and intracellular localization of junctional proteins (Adamson et al, 2010; Lee et al, 2006; Wang and Dudek, 2009 ), suggesting this as a possible mechanism for the HPCinduced, SphK2-dependent reduction of poststroke BBB dysfunction that we documented herein. Thus, we sought to examine the cortical expression of junctional proteins in triton-insoluble fractions, which yield proteins in direct or indirect association with the cytoskeleton, presumably through linkages at cell junction sites (Stuart et al, 1996; Wang et al, 2011; Wong, 1997) . First, we compared baseline expression in wild types and SphK2 knockouts, and then measured expression changes in response to HPC at a time (48 hours post-HPC) coinciding with ischemic onset in our model ( Figures 3A-3D) . Representative blots are shown in Supplementary Figure S2 . We found that baseline occludin expression was significantly lower in SphK2-nulls. Following HPC, VE-cadherin expression increased by 29% (P < 0.05) in wild types, but was unchanged in SphK2-nulls. Claudin-5 expression increased 106% (P < 0.05) in HPC-treated wild types, but, as with VE-cadherin, HPC in SphK2-nulls did not alter its expression. Hypoxic preconditioning had no effect on expression of occludin in either wild types or knockouts. Neither SphK2 gene deletion nor HPC had any significant effect on the ZO-1 expression. Together, these findings indicate that baseline SphK2 signaling helps localize occludin to the BBB, and that the HPC-induced increase in SphK2 activity may strengthen BBB integrity before stroke by upregulating VE-cadherin and claudin-5 proteins at junctional sites.
Hypoxic Preconditioning and Sphingosine Kinase 2 Signaling Regulate Triton-Insoluble Junctional Protein Expression Following Ischemia
Having demonstrated that HPC protected against postischemic BBB breakdown in a SphK2-dependent manner, we also assessed expression of these four tight junction and adherens junction proteins in triton-insoluble fractions at a postischemic time point coinciding with our determination of IgG permeability ( Figures 4A-4D) . Representative blots are shown in Supplementary Figure S3 . The 44% loss of ZO-1 and 33% loss of VE-cadherin in response to ischemia (P < 0.05) in untreated wild-type mice was prevented in mice with prior HPC. A similar pattern was noted for occludin, but did not reach statistical significance. Claudin-5 expression was not changed by ischemia in either untreated or HPC-treated wild types. In the nonpreconditioned SphK2-nulls, the ischemia-induced reductions in the expression of ZO-1, VE-cadherin, and occludin were no different from wild types, but in HPC-treated SphK2 knockouts, preservation of the expression of these proteins was lost. Collectively, these findings indicate that the HPC-induced, SphK2-mediated prevention of the ischemia-induced loss of ZO-1, VE-cadherin, and occludin at junctional sites contributes to maintaining BBB integrity following transient focal cerebral ischemia.
Discussion
Our studies show that, while HPC reduces both infarct volume and extent of BBB breakdown in wildtype mice subjected to focal stroke, HPC-induced neurovascular tolerance is completely lost in SphK2 knockout mice. Moreover, the changes in cytoskeletally associated junctional protein expression we observed in preconditioned and ischemic, wildtype and SphK2-null mice support our hypothesis that both preischemic and postischemic changes in SphK2-mediated junctional protein expression contribute to the BBB protection characterizing HPCinduced ischemic tolerance. While S1P signaling has long been known to mediate protection in peripheral ischemia (Karliner, 2004) , only recently has this bioactive lipid pathway drawn attention in cerebral ischemia. Increased SphK2 was observed in response to cerebral ischemia both in vitro and in vivo, but whether this signaling was protective or deleterious in nature was not determined (Blondeau et al, 2007) . Early reports from non-central nervous system tissues on the promotion of cell survival suggested S1P produced by SphK1 in the cytosol was antiapoptotic, while SphK2, due to targeting S1P to the endoplasmic reticulum, promoted apoptosis (Maceyka et al, 2005) . However, evidence has since accumulated for a prosurvival role for SphK2 in some cell types (Schnitzer et al, 2009; Vessey et al, 2011) , in agreement with both our previous pharmacologic data and our current genetic evidence for SphK2-mediated cytoprotection in the ischemic brain. With respect to elucidating the molecular basis of preconditioninginduced tolerance, our group documented increased cerebromicrovascular SphK2 protein expression and activity following HPC, attenuated HPC-induced ischemic tolerance with inhibition of both SphK isoforms, and efficacious pharmacological precondi-tioning by the S1P receptor agonist FTY720 (Wacker et al, 2009 ). Since then, infarct volume measurements in SphK2-null mice were used to demonstrate that this enzyme is an endogenous mediator of protection against cerebral ischemia (Pfeilschifter et al, 2011) , and that it mediates cerebral preconditioning to either isoflurane or hypoxia . Also, the neuroprotective efficacy of postischemic treatment with FTY720 was demonstrated, acting through antiapoptotic (Hasegawa et al, 2010) and antiinflammatory (Czech et al, 2009; Wei et al, 2011) pathways. Herein, we not only confirm the necessity and isoform specificity of SphK2 activity in the ability of HPC to promote ischemic tolerance, but we also implicate a functional role for this enzyme in initiating the cerebroprotective phenotype induced by preconditioning, as well as identify, in part, the molecular basis of BBB protection by SphK2.
The extent of postischemic BBB breakdown strongly correlates with lesion size (Latour et al, 2004) ; however, whether BBB-specific protection always causes a corresponding reduction in lesion volume remains controversial (Obrenovitch, 2008; Weiss et al, 2009) . If reduced BBB damage resulted secondarily from a smaller lesion instead of causing the smaller lesion, one would expect the area of infarct and the area of IgG permeability to be approximately equivalent in both untreated and preconditioned brains. However, in untreated mice, postischemic vasogenic edema occurred over an area/volume that was greater than the ultimate infarction area/volume, consistent with BBB breakdown in some brain regions in the absence of frank infarction. That this mismatch still characterized the brain of HPC-treated mice lends further support to the idea that BBB breakdown is not the result of tissue infarction. Alternatively, the area/volume mismatch in BBB breakdown and infarction could be explained by differing sensitivities of the respective methodologies used for their measurement. However, the characterization of preconditioninginduced vascular protection as a widespread reduction of BBB permeability across the hemisphere is in agreement with previous reports (Hua et al, 2008; Masada et al, 2001) . Additionally, the infarction volume that we measured is on the high end of those reported in the literature, so a gross underestimation of infarct volume is unlikely. Together, these findings suggest that the mismatch in the area/volumes of BBB breakdown/infarction is genuine, and are consistent with the notion that HPC-induced reductions in BBB permeability were not solely an accompaniment to reductions in infarction volume. Our examinations of junctional protein expression reveal, for the first time, a preconditioning-induced, SphK2-based mechanism for the observed BBB protection.
Tight junction proteins are vital to the regulation of the BBB (Sandoval and Witt, 2008) . Following hypoxia, claudin-5 expression increases (Willis et al, 2010) , consistent with our finding following HPC.
We also found HPC to increase the adherens junction protein VE-cadherin, which contains several known hypoxia response elements in its promoter and is upregulated via hypoxia-inducible factor-2 (Le Bras et al, 2007) . VE-cadherin upregulates claudin-5 expression by suppressing the nuclear localization of the FoxO1-b-catenin complex that inhibits claudin-5 expression (Taddei et al, 2008) ; their SphK2-dependent, co-upregulation by HPC before stroke that we observed may help establish the BBBprotective phenotype we documented in HPC-treated mice.
Generally speaking, cerebral ischemia is associated with the loss of tight junction proteins, such as occludin and ZO-1 (Jiao et al, 2011; Sandoval and Witt, 2008) . Preconditioning with a toll-like receptor 2 ligand (Hua et al, 2008) or brief ischemia (An and Xue, 2009; Gesuete et al, 2011) attenuates the extent of this loss, consistent with our present finding that HPC preserves ZO-1 and occludin levels poststroke. Surprisingly, we found no change in postischemic claudin-5 with or without HPC, in wild types or knockouts. As a regulator of BBB resistance to small molecule ( < 800 D) permeability (Nitta et al, 2003) , perhaps claudin-5 is not a prominent participant in postischemic BBB breakdown when the leakage of even large molecules, as we quantified with IgG, is extensive. In fact, some previous studies even report claudin-5 levels increasing concurrent with elevated BBB permeability (Willis et al, 2010) . Regardless of these paradoxical findings regarding claudin-5, our present results clearly demonstrate preconditioninginduced protection against the loss of the postischemic junctional proteins VE-cadherin and ZO-1 that is SphK2-dependent, suggesting that S1P production by SphK2 may be a common mechanism for tight junction protection independent of the preconditioning stimulus.
Indeed, in the peripheral vasculature, S1P is an established regulator of vascular integrity, mediating cytoskeleton rearrangements, redistributing focal adhesions, and localizing tight junction and adherens junction proteins (Adamson et al, 2010; Lee et al, 2006; Wang and Dudek, 2009 ). The S1P-based regulation of VE-cadherin, occludin, ZO-1, and claudin-5 expression and localization in rat mesenteric microvessels, human dermal microvascular or umbilical vein endothelial cells, and Chinese hamster ovary cells (Adamson et al, 2010; Lee et al, 2006) is consistent with our results, but we show for the first time localization of these proteins to cell-cell contacts in the BBB. Although the S1P-R1 receptor was implicated in anticoagulant Protein S-mediated protection of the ischemic BBB (Zhu et al, 2010) , and the S1P receptor agonist FTY720 reduced BBB permeability in experimental autoimmune encephalomyelitis (Foster et al, 2009 ), knowledge to date regarding S1P-based regulation of the BBB is relatively scant. Herein, we identified a novel role for SphK2 in affecting basal, hypoxic, and postischemic BBB integrity secondary to its regulation of the expression of key cytoskeletally associated tight junction and adherens junction proteins.
While our current findings have identified multiple novel mechanistic aspects of HPC-induced protection of the BBB-the necessity of increased SphK2 activity after HPC, the SphK2-dependent protection of BBB integrity following ischemia, the SphK2-mediated upregulation of VE-cadherin and claudin-5 following HPC, and the SphK2-mediated protection against occludin, claudin-5, and VE-cadherin loss at endothelial cell junctions following ischemia-additional molecular events proximal and distal to these steps remain to be elucidated. The intermediary pathways that allow SphK2 to regulate the expression and localization of the junctional proteins at the BBB have yet to be clarified, but it would not be unexpected if SphK2-derived S1P signaling proceeded via mediators and pathways already known to regulate BBB tight junctions and/or BBB permeability, such as nitric oxide, vascular endothelial growth factor, proteases, and reactive oxygen species, as well as the actin cytoskeleton, caveolae, and pericytes (Sandoval and Witt, 2008) . Indeed, there is evidence from studies in the peripheral vasculature that S1P activates endothelial nitric oxide synthase via PI3K/ Akt, counteracts the deleterious effects of reactive oxygen species on vascular endothelium via ERK1/2 and endothelial nitric oxide synthase (Igarashi and Michel, 2008) , and regulates pericyte recruitment via N-cadherin signaling (Paik et al, 2004) . Sphingosine-1-phosphate R1 receptor activation also induces intracellular calcium release from the endoplasmic reticulum and Rac-1 activation, promoting adherens junction formation at the endothelial cell periphery that can block vascular endothelial growth factorinduced vascular permeability (Hoang et al, 2011; Mehta et al, 2005) . Finally, vascular barrier enhancement by S1P may require lipid rafts where activated tyrosine kinases phosphorylate signaling molecules that lead to reduced vascular permeability (Zhao et al, 2009) . One or more of these regulatory schemes may also transduce SphK2/S1P signaling into junctional protein localization/expression changes in the endothelium of the BBB. Taken together with our results, S1Ps role as a central regulator of vascular integrity continues to be validated; our present work now suggests the S1P pathway as a potential therapeutic target for BBB protection, giving impetus for the further elucidation of the remaining mechanisms that underlie this defining characteristic of the ischemiatolerant brain.
While we were able to identify changes in cytoskeletally linked junctional protein expression in the cerebral cortex, the brain region that is most protected by preconditioning in our model and others, some caveats of our study remain. One is that our findings do not allow us to address regional variations in junctional protein expression in response to HPC and/or SphK2 gene deletion, (i.e., in the ischemic core, penumbra, and noninjured tissue). That being said, while previous studies have employed immunohistochemistry to show ischemiainduced regional differences in the expression pattern for tight junction proteins, as well as vessel staining pattern discontinuities (Li et al, 2007; McColl et al, 2008) , because the primary aim of our work here was to identify SphK2-mediated protection of the BBB, and because its product S1P is known to specifically regulate the intracellular localization of junctional proteins but not their overall expression changes, immunohistochemistry would not have allowed us to reveal the regulatory changes we report herein using a cell fractionation/ immunoblotting approach. Furthermore, this method enabled us to measure intracellular protein localization to junctional sites, a quantitative end point that encompasses many posttranslational modifications-such as phosphorylation state-that regulate the localization of these proteins to the cell junctions, where they are ultimately responsible for functional effects on vascular permeability.
In summary, our findings reveal that HPC-induced ischemic tolerance and the concomitant protection of the BBB depend on SphK2 signaling. Moreover, SphK2-generated S1P participates in both the normal maintenance of occludin at cytoskeletally linked cell junctions, as well as the mediation of HPCinduced increases in the expression of claudin-5 and VE-cadherin at these junctions, which may be compulsory for induction of the vasculoprotective phenotype by HPC. This contention is underscored by our finding that, in the absence of SphK2, not only were postischemic losses of VE-cadherin, occludin, and ZO-1 not attenuated by HPC, they were exacerbated. Further elucidation of the regulation of this endogenous, HPC-activated lipid signaling pathway, the specific cells elaborating and responding to S1P, and its role in BBB protection after stroke, may provide new therapeutic targets that can be modulated for cerebrovascular protection in stroke patients.
